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ABSTRACT 
The present work were conducted to provide experimental evidence for the American physicist 
Professor Robert Cantor’s hypothesis that neurotransmitters can act as the bodies “endogenous” 
anaesthetics. The hypothesis relies, to some extent, that neurotransmitters have the ability to 
change the physical condition of membranes. The system investigated here was serotonin and the 
model unilamelar di-myristoylphosphatidylcholine membrane because of disagreement in the 
literature on this system. This work has tried to elucidate the disagreement by correlating 
experimental data from different techniques with main focus on thermodynamic parameters. 
Differential scanning calorimetry showed that serotonin has a small effect on the melting point 
temperature and from a thermodynamic model of general anaesthesia this suggests that some 
serotonin molecules is located within the membrane. Isotermal titration calorimetry partition 
experiments confirmed this in from of a negative standard Gibbs free energy. A large positive 
heat capacity change for the process suggested that the partition is not hydrophobic driven and 
this was confirmed in form of vapour pressure measurements that showed that serotonin is 
slightly hydrophilic. The isotermal titration calorimetry data was not found reproducible and 
when comparing with partition coefficients found by other experimental methods the result from 
this technique is not found reliable. The insufficient is likely to be cause by either not proper 
precaution when working with the light reactive serotonin or that the experimental protocol 
applied is unsuitable to use for this system. It speculated that the lowering of the melting 
temperature is caused by absorption of 5HT into the head group of the lipid do to electrostatic 
attractive forces. On basis of the experimental results presented it’s not found plausible that 
serotonin should have the ability to induce anaesthesia in biological membranes. 
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PREFACE 
This project started in the early spring of 2008 and originated from a wish to learn the 
experimental technique of performing differential vapor pressure (DVP) measurements. The 
motivation came, in particular, from the practical challenges there are with performing these 
measurements. With on-going research in the laboratory within the field of small solutes 
interactions with model membranes, and that weak interaction of solutes to membranes had 
shown feasible to study by the DVP method, I followed in that direction. At the same time the 
research group had focus on the American physicist Professor Robert Cantor’s original 
hypothesis, that neurotransmitters can act as “endogenous” anaesthetics. To provide 
experimental evidence for Cantor’s hypotheses, DVP measurements in our laboratory had been 
conducted on the expected hydrophilic molecule γ-aminobutyric acid (GABA) and multilamellar 
vesicles (MLV) of di-myristoylphosphatidylcholine (DMPC). The preliminary DVP result of 
GABA and DMPC showed, that GABA is preferential excluded from the surface of the 
membrane. I started my work to try to reproduce the result of GABA and DMPC and conducted 
DVP experiments of the two component system (GABA-water) and three component system 
(GABA-DMPC-water). But in these initial DVP experiments problems occurred and the most 
fatal was, that the vapor glass cells needed in the DVP experiments, had leak problems. Because 
of the insufficiencies of the old glass cells to be air-tight, work was conducted in constructing 
new vapor cells. A novel design and method to manufacture new cells was developed but was 
discarded because the new cell design was not sufficiently air-tight. In the same period there 
were problems to get the glassblowers that manufactured the glass cells to deliver to the agreed 
deadlines, which delayed the DVP experimental work further. At last an older cell design was 
used instead, but these problems resulted in that acceptable tight glass cells first were delivered 
in the start of the spring of 2009. In the meantime effort was spent on getting two other DVP 
instruments up running with the idea that when first the glass cells were delivered, then 
experiments could be completed fast. To get other DVP instruments up running was also 
required to measure on different systems because one DVP experiment takes two to three weeks. 
But new problems turned up in form of a broken glass tube to a vacuum line and a leaking 
manifold. So the ambitious idea of getting three DVP’s up running on the same time was 
discarded. Together with the experimental work in 2008 literature work was mainly focused to 
the introduction to lipid membranes and the theory of preferential hydration/exclusion. 
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In the fall 2008 I started a physic project with five other fellow students with focus on 
serorotnin’s interaction with DMPC membranes. Why serotonin will be described in the 
introduction chapter. The size of the group allowed to divide up into two separate groups, one 
with focus on the thermodynamics of serotonins interaction with DMPC membranes studied by 
calorimetry1, the other with focus on the structural changes in the membrane on a microscopic 
scale by small-angle x-ray scattering (SAXS). In the start-up period of the physic project I spend 
time to get a relatively new DSC to work with a pressure perturbation function (PPC) that it was 
manufactured with. The PPC-function can as one example be used to study the heat of 
compressibility of membranes, which can be converted into the associated volume change of the 
membrane phase transition that is normally studied by vibrating tube densitometry. This function 
didn’t work properly however and after troubleshooting for three weeks the idea to use this 
function was discarded. Later it turned out that the manufacture of the DSC had the same 
problem. 
 
The ITC experiments also gave rise to a lot of unexpected problems with most of them ascribed 
to the reactive behaviour of 5HT. However, some interesting results from the physic project did 
that I wanted to work further with 5HT in the spring 2009. 
 
It has been my intension to write the report in the same tight format as a journal article. Because 
of this intentional choice detailed technical description of experimental methods used is not 
included. The reader is therefore expected to have a basic understanding of particularly 
calorimetry and phase behaviour of membranes. A lot of energy has throughout the project been 
focused to get the experimental techniques to work properly and numerous unsuccessful data, 
especially for ITC are not included in the report. Only data that had a quality to could be 
analysed are included, but theses few good results are by no means representative for the overall 
experimental work, which should also be clear from this preface. The written material also 
reflects that the work conducted is primarily experimental and not theoretical. There is included 
a section in the discussion chapter on problems with working experimental with serotonin. This 
section is included because the information is found to be important for future experimental 
studies with serotonin. One appendix for the DVP method is included. This appendix serves for 
the deviation of some simple equation needed in the design and conduction of membrane/solute 
 
1 Isothermal titration calorimetry (ITC) and differential scanning calorimetry (DSC) 
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DVP experiments. This appendix is mainly included because the author is of the conception that 
some people may benefits from knowing these equations prior start designing DVP experiment 
on three component unilamelar membrane systems. 
 
 
Nicolaj Cruys-Bagger 
Roskilde 21.6.2009 
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Abbreviations 
5HT  5-Hydroxytryptamin (serotonin)  
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w  water 
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E  Excess 
Tm  Main phase transition 
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1 INTRODUCTION 
The mechanism of general anaesthesia is still not fully understood, and today exist two 
competing theories in the field. One of the theories is based on that anaesthetic molecules can 
bind specific to membrane proteins and thereby block for binding of argonist and consequently 
for the opening of the ion channel. The other is based on mechanical changes and the following 
thermodynamic response upon partition of an anaesthetic molecule in the lipid bilayer. The latter 
originate from the well-known Meyer-Overton observation, that the effect of anaesthetics is 
proportional to their partition coefficient between water and olive oil [1]. The idea is that olive 
oil resembles the hydrophobic core of the membrane, and that the partition coefficient between 
water and olive oil therefore is a measure of the partitioning of the drug into the membrane. 
From the Meyer-Overton correlation it follows that for a critical concentration of the drug in 
water, defined as the concentration where the anaesthetic effect occurs, the amount of anaesthetic 
molecules partitioned into the membrane is a constant. This implies, that the effect of the drug is 
independent of the chemical nature and only dependent on the partitioning coefficient that to 
some degree reflect either the hydrophobicity of the molecule or the affinity for the membrane. 
The observation, that all animals are affected to the same degree by anaesthetics, has together 
with the Meyer-Overton correlation become the primary argument, that anaesthesia must be 
caused by modulated physical properties of the membrane upon partitioning [1]. A possible 
mechanism of anaesthesia has in light of the non-specific lipid theory been put forward by 
Cantor [2]. Cantor’s hypothesis is, that anaesthetic molecules that partition or absorb into the 
head group of the lipid will change the lateral pressure profile in the membrane by two coupled 
effects. First the anaesthetic molecule partition/absorb into the head group region of the bilayer 
causing an increased pressure, which is compensated by a decrease pressure in the core of the 
bilayer. This comes from that the net lateral pressure adds to zero [1]. This pressure change is 
shown by lattice statistical thermodynamic calculations to be of a magnitude to could induce a 
shift in the equilibrium conformation of a membrane protein from an active state to a resting 
state. The explanation to the equilibrium conformation shift comes from assuming, that when the 
membrane protein shift from the closed state to the active state, then the change in the cross-
sectional area of the protein is increased more near the aqueous interface (and hence in the head 
group region) than compared to core of the bilayer [2]. An increased pressure in the head group 
region from an absorbed molecule would thus favour the closed inactive state of the protein. 
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If the modulated physical properties of the membrane, upon partition, actually are independent of 
the chemical nature of the anaesthetic molecule and thereby only depend of the amount, this 
would thus be a colligative property. A way to describe the modulated properties of the 
membrane could then be speculated to be found in the theory of colligative properties. It’s well-
established that membranes exist in mesophases in excess water and that the onset of a transition 
between these phases e.g. the main phase transition from gel to fluid, 'L L   can be trigged by 
a change in temperature, pressure, pH, composition ect. [3]. If it’s assumed that the anaesthetic 
doesn’t partition into the gel phase but dissolve ideally in the fluid phase, the theory of freezing 
point depression can be used to calculate the mole fraction of aesthetic in the membrane. Such a 
thermodynamic model of general anaesthesia based on the colligative property of the freezing 
point depression has recently been put forward by Heimburg and Jackson [4]. Heimburg finds 
that the mole fraction of aesthetic in a DPPC membrane at the critical concentration is 2.6 %, 
which corresponds to a lowering of the membrane melting point of -0.6K [1]. It’s further shown 
that the same mole fraction of aesthetic in the membrane can change the lateral pressure within 
the membrane to an extent, that will lower the melting point of exactly the same order as found 
by the freezing-point depression approach. The lateral pressure change and lowering of the 
melting point is thus coupled effects, and it’s stated on a more qualitative basis than Cantor, that 
these effects can potentially influence membrane proteins structure and thereby their activity. 
Recent findings in neuroscience research have led to speculations, that neurotransmitters besides 
their fast specific binding to receptors may have an additional slower indirect effect by diffusing 
into the interfacial region of the membrane causing a shift in receptor conformational 
equilibrium by, in principal, the same mechanism of a changed lateral pressure profile as 
described previously. This has led to the hypotheses proposed by Cantor [5], that 
neurotransmitters may be the “endogenous” anaesthetics. From the theory of freezing point 
depression all solutes, independent of their chemical nature, that partition into the membrane will 
give rise to a melting point lowering and therefore have the potential to be considered 
anaesthetic. Interestingly it’s found experimentally for some model lipid systems that 
neurotransmitters lower the melting point temperature and therefore in theory can be considered 
as anaesthetics [6]. However, experimental studies of the thermodynamics and kinetics of 
membrane partition of neurotransmitters still remain sparse [5]. This lack of experimental data 
has motivated the current work. The focus of this work has been to correlate thermodynamic data 
obtained from different experimental techniques to give an overview of one 
2 
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neurotransmitter/lipid-system rather than using a single technique to study a broad range of 
systems. 
 
Serotonin (5HT) was chosen as a model neurotransmitter because of several reasons. First, and 
most interesting, there is a disagreement in the literature, based on experimental studies, if 5HT 
partition into membrane model systems or not and thereby also if 5HT is hydrophobic [6-8]2. 
The reason to choose 5HT had therefore a scientific interest both in respect to provide 
experimental basis for Cantos theory but also to elucidate the disagreement of the former studies. 
Last there exist no partitioning data for charged neurotransmitters [5] (5HT is positively charged 
at neutral pH). The model lipid system was chosen to be di-myristoylphosphatidylcholine 
(DMPC), because it was used in some of the former studies [6, 7], it’s well studied and 
experimentally convenient. 
 
Because of the disagreement in the other studies, it was found, that this should be the parameter 
to address in this work. In some of the former studies differential scanning calorimeter (DSC) 
had been used to investigate the phase behaviour of the 5HT/DMPC system [6, 7]. If Heimburgs 
model is assumed valid (assuming that 5HT doesn’t interact with the gel phase and ideal mixing) 
then one can calculate a partition coefficient (and hence the net free energy of transferring 5HT 
from water to the membrane) from the melting point lowering and lipid melting enthalpy, both 
readily accessible from a DSC thermogram. Therefore, were DSC applied to study both the 
phase behaviour and compare with the literature but also to give an order of magnitude estimate 
of a partition coefficient. Moreover, with the DSC available it was possible to apply the pressure 
perturbation calorimetry (PPC) method. With this method it’s possible to estimate the volume 
change of the main phase transition from the Clausius-Clapeyron equation [8, 9]. Here that was 
used to estimate the relative molar volume change of the lipid as a function of added 5HT. With 
the assumption that 5HT doesn’t interact with the gel phase, a change in volume can then be 
interpreted as entirely to be caused by the present of 5HT. 
It was however desirable to have another measure of the partition coefficient, that was 
independent of the assumption of no interaction in the gel phase. Dialysis equilibrium 
experiment (model independent way to measure partition coefficients) on the 5HT/DMPC 
system was on-going in the laboratory [10]. With the recent development over the last two 
 
2 For a review of former studies conducted on 5HT/lipids systems see the discussion chapter. 
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decades of using isothermal titration calorimetry (ITC) to study binding of surfactants to 
membrane systems [11-15] ITC was applied. Most ITC approached is model dependent [8] and it 
would thus be possible to compare partition coefficients obtained by different techniques  (model 
dependent as independent). Together this should give a more clarified picture of the binding 
strength of 5HT to DMPC.  
Because the binding strength of 5HT to membrane model systems was not known (and some 
indications of no binding [16]) the net affinity (as expressed through the isoosmolal preferential 
interaction parameter) was to be investigated by differential vapour pressure (DVP) 
measurements. This model-free approach has shown feasible to study weak solute-membrane 
interactions [17-19], where a partition model is not accurate [20]. And if the binding of 5HT to 
DMPC is weak, it would be difficult to measure a partition coefficient experimentally by ITC. 
The activity constant of water and 5HT in a dilute solution were also measured by the DVP 
method as done before [21, 22]. This gives a measure of mutual 5HT-water interactions. 
Moreover, comparison of the activity constant of 5HT with the partition coefficient can tell if 
5HT has a net affinity for the membrane or if it “simply” partition, because it is hydrophobic. 
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2 MATERIALS AND METHODS 
Serotonin hydrochloride (>98%, powder, Sigma-Aldrich) and di-myristoylphosphatidylcholine 
(DMPC) (99%, powder, Avanti Polar Lipids) were used as received and without further 
purification. 
Weighed amount of DMPC were hydrated with freshly prepared hot (50 ˚C) water from a Milli-
Q purification system (Millipore) to give multilamellar vesicles (MLV) with a concentration of 
6% (w/w). The MLV hydrated vesicles was shaking in a Thermomixer for two hours at 35 ˚C 
(10 ˚C > Tm), 500 rmp to give a homogeneous dispersion and then extruded as described by [23]. 
Shortly, the dispersion was extruded through two stacked of nucleopore filters (100-nm pore 
size) using the Lipex equipment (Northern Lipids, Vancouver) at a hydrostatic pressure of 30 bar 
and 40 ˚C. Ten repeatedly extrusions were performed yielding large unilamellar vesicles of an 
approximated radius of <100-nm. The concentration of the unilamellar vesicles (ULV) 
suspension was determined gravimetrically (Mettler Toledo AT261 DeltaRange®, precision 
0.01mg) by the weighing procedure described in [17]. Here 50 μl of the suspension were 
transferred to a small metal cup, and the mass was recorded over a 2-min span with intervals of 
15 sec. By extrapolating the mass back to time zero this allowed to minimize the error from the 
evaporation of water during the weighing. Subsequently the metal cups were put in an oven at 80 
˚C for 24 hours and weighed again. From the two weight determinations (with and without 
water) this allowed to calculate the weight percent of lipid. The concentrations of DMPC used in 
the different experiments will be stated under the method sections because they differed. 
 
2.1 Vapor pessure Measuments 
Differential vapor pressure (DVP) measurements were conducted at the homebuilt instrument 
described in [24]. Shortly, the instrument consists of three main parts with the heart as a metal 
box housing two differential capacitance manometers (scales of 1mbar and 100mbar), one 
absolute capacitance manometer (scale 100mbar) and five different glass bulbs with volumes 
ranging from 0.5L to 12L with a total of 19L. The manometers and glass bulbs are connected to 
a manifold which on one side is connected to a vacuum line, 4·10-5 mbar and the other side to 
two small glass cells (~ 30ml) (named cell and reference) connected to the manifold using VCR 
steel face-seal fittings (Swagelock) with the advantages of easily replacement with new cells. A 
leak test on the vapor pressure system gave a 1.5 μbar drift per. day. The two cells are kept 
Thermochemistry and preferential interaction of 
Materials and Methods serotonin and unilamellar DMPC liposomes 
outside the metal box and immersed in a thermo controlled water bath (TB) (temperature was 
measured with a Digitam thermometer). With the metal box kept at a temperature of > 40 ˚C 
over TB this ensures that no condensation occurs in the metal box or the tube lines connected to 
the cells. This setup allows for measuring both the difference in pressure between the two cells 
defined as and the absolute pressure of one of the cells. The way the glass bulbs, 
manometers and cells are connected to the manifold also allows for changing the composition in 
both the cells by gas-phase titration and one can obtain absolute- and differential pressure versus 
composition or temperature curves easily. For a more technical description of the equipment and 
different applications see [24]. In this work the DVP instrument were used to measure the 
activity constant of 5HT. 
cell refP P P  
 
 
Activity measurements 
For the two component system the cell were prepared gravimetrically with a long syringe with 
aliquots (787.22 mg) of a 59.4 mmolal 5HT stock solution and aliquots (2564.42mg) of freshly 
prepared Milli-Q water to give an initial concentration of 13.8mmolal 5HT in the cell3. The 
reference was filled with pure Milli-Q water. Subsequently both the cell and reference were 
attached hermetically to the vapor pressure equipment and taking though a few freeze-pump-
thaw cycles. First step is freezing the cells in liquid nitrogen, second to expose the cells directly 
to the vacuum line and third the cells were thawed so a new equilibrium between air and water 
could adjust. In these freeze-pump-thaw cycles almost ~ 99% of the atmospheric air contained in 
the cells is removed. The loss of water in this step is negligible, because the vapor pressure of ice 
is very small, e.g. at – 80 °C  mbar [25]. To remove the residue atmospheric air in the 
samples the cells was put in ice water (vapor pressure of water at 0 °C is 6 mbar) and the gas 
above the sample is allowed to expand to a small volume (~0.5L) that has been previously 
evacuated. This step is repeated, until there is no readable pressure change on a pressure gauge 
connected to two freezing-traps in the vacuum line. This insures that the gas above the solution 
in the cell and reference is pure water vapour. This is however only true if the vapor pressure of 
the solute is negligible compared to that of water. Ten steps in ice water are normally sufficient 
to get a fully air out-gassed sample. The experimental temperature was 30.00 ±0.02 ˚C. 
45 10
6 
                                                 
3 The reason to dilute in the cell was because it was the intention to use the same 5HT stock solution to three 
component measurements. 
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2.2 Calorimetry 
ITC 
ITC experiments were conducted on a VP-ITC (MicroCal.) with a power compensation design 
with a cell volume of 1.4 mL. There were applied different protocols, because the partition 
coefficient of 5HT/DMPC had not been measured by ITC before.  
 
The model-independent solvent-null protocol developed by [26] was applied as a first approach. 
The protocol is applicable when partition of solutes into the membrane is not saturable which, 
according to the literature, was expected for 5HT. Shortly, the protocol utilize that when a 
equilibrated mixture of solute/lipid is injected into the calorimetric cell containing the solute in 
different concentrations, heat will be either be released or absorbed, when the free solute 
concentration in the cell is equal to that in the mixture. It’s a cumbersome protocol because every 
new concentration in the cell corresponds to a new titration experiment (with the syringe content 
unchanged). By plotting the integrated heat signal as a function of solute concentration in the 
cell, the intercept on the abscissa (solute concentration in the cell) will correspond to where heat 
is either released or absorbed when injecting the mixture. At the intercept the cell concentration 
therefore equals the free solute concentration in the mixture. With the total plus the free solute 
concentration and total lipid concentration known it’s straightforward by use the mass law to 
calculate a partition coefficient. 
 
The uptake protocol used in this work was with pure DMPC (ULV) in the syringe and 5HT in 
the cell. The protocol used in this work followed the step-by-step guide by [15]. Concentration 
used will be specified in the result and data analysis chapter. 
 
All samples where degassed 10.min prior loading and the experimental temperature was either 
30 or 35 ˚C. 
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DSC 
The effect of 5HT on the phase behaviour were measure on a Nano-Differential Scanning 
Calorimeter III (TA instruments) with a power compensation design equipped with two platinum 
capillary cells with working volumes of 300 μL. The samples were prepared volumetrically from 
a stock DMPC (ULV) and stock 5HT solution to always give the same concentration of DMPC 
(10.2mM) and the desired mol ratio of 5HT to DMPC. The mixed samples were equilibrated for 
~24 hours in a water bath at 35 ˚C (10 ˚C >Tm). The sample and reference (pure Milli-Q) were 
degassed for 15 min prior loading. The setup profile for the DSC-experiments was heating scans 
with a scan rate of 0.1 ˚C (it was assumed that the hysteresis effect (scan rate dependence) on the 
transition-peak was negligible at the given scan rate4) in the temperature range 5-40 ˚C. Seven 
scans on the same sample with a pressure profile of 3, 3, 6, 4, 2 and 0 bars (excess pressure) 
were conducted. The concentration used in the DSC experiment was determined to 5.0 % (w/w) 
with a SD (3 parallel) of 0.2. 
 
 
 
 
 
4 It’s should be noted that the scan rate dependence on Tm on pure DMPC (ULV) from 0.1 ˚C to 1 ˚C is negligible. A 
lower scan rate yields however a higher resolution of the curvature of the thermogram. 
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3 RESULTS AND DATA ANALYSIS 
In this chapter the results from the different experimental methods will be analysed.  
3.1 DVP 
If 5HT’s partial pressure is assumed negligible compared to that of water under the experimental 
temperature investigated here (the vapour pressure of the pure chloride salt of 5HT is stated to be 
below 13μbar [27]), the vapor pressure measurement of the two component systems (water 
versus 5HT/water) can be used to calculate the activity coefficient of water. That can further be 
used to calculate the excess chemical potential5 of water and by applying the Gibbs-Duhem 
relation it’s possible to estimate the excess chemical potential of 5HT as a function of the mole 
fraction. 
 
The activity coefficient of water can be calculated as , where is the absolute 
vapor pressure over the solution with 5HT,
*/w abs w wP X P  absP
wX  is the mol fraction of water and  is the vapor 
pressure of pure water. In this work however the absolute pressure was calculated as 
 and hence the activity coefficient of water as 
*
wP
*
abs wP P   P

*
*
w
w
w w
P P
X P
    
This was because the temperature of the TB changed a little during the measurement series, and 
the absolute pressure is sensitive to temperature changes (see DVP-appendix). This also 
demonstrates the advantageous of measure the differential pressure, P that is not sensitive to 
these small (±0.02 ˚C) temperature changes. 
From the activity coefficient of water the excess chemical potential of water, Ew  can be 
calculated since, 
  lnEw wRT   
The standard state is defined as pure water and it’s thereby assumed, that the solution is infinite 
diluted. The ideal pressure change from Raoult’s law was calculated by 
  *5ideal HT wP X   P
                                                 
5 Excess function,  whereE ideal    is a thermodynamic function. 
9 
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It follows that if the measured pressure difference is smaller than calculated from Raoult’s 
law,  then the activity coefficient will be smaller than one and the excess chemical 
potential accordingly negative. The other case, were 
meas idealP P  
meas idealP P  
w
 then the activity coefficient 
will be larger than one and the excess chemical potential positive. The classical molecular 
interpretation of these deviation from the ideal case for the activity coefficient (and hence the 
excess chemical potential) is how the solute-solvent interactions are in comparison to solute-
solute and solvent-solvent interactions. In the ideal case were 1   ( Ew  zero) there is no 
preferred interaction between the solute and solvent. If 1w   ( Ew  negative) then the solute-
solvent interactions are more energetically favourably than the corresponding solute-solute and 
solvent-solvent interactions. If the reverse is observed, that is 1w   ( Ew  positive) then the 
solute-solvent interactions are unfavourably, meaning that they “repel” each other. When the 
solvent is water, as in the case here, negative deviations can be considered as “structure 
enhancing” and positive deviations as “structure reducing”. 
 
The raw differential pressure data, plotted as a function of 5HT molal concentration can be 
seen on 
measP
Figure 3-1. The negative deviation from ideal idealP  indicates that the activity constant 
of water, w  in the concentration range 20-110 mmolal 5HT is below one. 
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Figure 3-1 Raw data as a function of 5HT molal concentration. The line of the ideal pressure change, P idealP  
(red line) is sketched for comparison. Collecting of data was started after 13 times of the outgas procedure described 
in the materials and method chapter. However, the 5 first five data points (data not shown) was discarded do to 
insufficient out-gassing. Also a data point at 430 mmolal was discarded because the water content in the cell could 
not be detected “by the eye” anymore6 and also because the solubility of 5HT in aqueous solutions is stated to 
90mM [27]. The temperature in the metal box under the series fluctuated ±3 ˚C which is higher than the reported 
±0.1 ˚C [24]. 
 
Figure 3-2 shows a linear fit to the raw data presented in Figure 3-1. It’s noted that the intercept 
is different from zero which indicates insufficient out-gassing. The air contamination was in this 
work eliminated by adjusting the intercept of the y-axis to zero in the fit equation (alternative 
this could also have been done by fixing the intercept to zero in the linear regression analysis, 
but the difference in slopes was negligible). 
Furthermore there was a small difference in the slopes of the linear fit and from the ideal 
pressure given by (3.3) (data not shown, but the linear fit had a more negative slope). 
From the linear fit the resolution of ∆P was estimated to 5 μbar which is in good accordance with 
[24]. 
                                                 
6 The reason to go up that high in concentration was a mistake originated from that a constant of number of moles 
water was removed every time. See the DVP appendix for a deviation of the equation that should have been used to 
calculate the number of moles water to remove in each step. 
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Figure 3-2 Linear regression to the raw data points data in Figure 3-1. The linear fit (dashed line) 
gave 55.74 0.986 HTP    B 2 0.995R , . 
A fit to  as a function of the mol fraction of water measP wX  (data not shown) were used to 
calculate a “smoothed” excess chemical potential of water, Ew  by inserting in (3.2)7. With the 
excess chemical potential of water known then by applying the Gibbs-Duhem relation(3.4)8 the 
excess chemical potential of 5HT could be calculated by 
 
 5 5 0E EHT HT w wX d X d    
To calculated 5
E
HT (3.4) is first rearrange to 

5
5
1
E Ew
HT w
HT
Ew
w
w
Xd d
X
X d
X
 

 
  
 
were in the last step it’s used that 5 1w HTX X  . To a start the left side of (3.5) should be 
integrated with the boundaries  5 0 1HT wX X  for 5 1HT    and thereby the standard 
                                                 
7 If the excess chemical potential of water was not calculated this way and just by the direct measure ∆P, there was a 
high degree of fluctuations (data not shown) which can be caused by how good the pressure resolution is but here it 
is because it’s in an extremely dilute concentration range. 
8 The Gibbs-Duhem equation, (at constant temperature and pressure) apply to partial molar quantities 
of any extensive thermodynamic state function
0 i i
i
n dX
X . 
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state of the pure solute is chosen, given by Henry’s law9 (a good way to think of this 
hypothetical state is to view the state as pure 5HT but with the physical properties it would have 
had in an infinitely dilute aqueous solution [28]). So the boundaries becomes  5 1 0EHT wX   to 
 water of interest, 'a mole fraction of wX  so  

13 

 
  
'
'
5 5
1 0
w
E E
5
5
E
HT
E
HT w
X
HT HT wd X

 
 

X

  
The integration of the right side of (3.5) has to be different because for the expression 
will approach infinite. There are some algebraic methods to solve 
1w X
w w
(3.6) but in this work a 
graphical procedure was used. The way to handle the integration by this procedure is to start, not 
at but for a value were water begins to follow Raoult’s law (1wX  X a [28]) so 

 
 '
1
E
w w
E
w w w
X
Ew
w
wX a
X d
X



   
A plot of 
1
w
w
X
X  versus Ew w X  can be seen on Figure 3-3. 
 
Figure 3-3 A plot of 
1
w
w
X
X against  Ew wX . 
                                                 
9 Alternative:  for  and thereby the pure liquid of 5HT is chosen as standard state given by 
Raoult’s law. 
5 0
E
HT  5 1HTX 
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Normally the next step is to integrate the area under the curve from Ew w wX a   to the mol 
fraction of water of interest, 'wX  so  '5EHT wX  can be found. And this procedure to find excess 
chemical potential of solutes has been applied for both alcohols and sugars [20-22]. But in this 
work it’s noted that the concentration range studied is extremely dilute. This was because that 
the solubility of 5HT is started to 90mM. 
In this work only the excess chemical potentials at 5 34.86HTB mmolal ( 35 0.63 10HTX   ) were 
calculated. That gave 0.46Ew J mol   and 5 0.73EHT kJ mol   . The order of magnitude sounds 
reasonable when comparing with glycerol for the same mol fraction [29]. 
 
Last in the experimental the absolute pressure of the reference (pure water) was measured. The 
pressure was measured to 42.645 ±0.01mbar which corresponds to a temperature of 30.08 
±0.004 ˚C (see equation (A.19) DVP-appendix). At the same time the temperature in the TB was 
measured with a Digitam Thermometer to 30.01 ±0.01 ˚C. This gives a difference of 0.07 ˚C. 
This difference in temperature reflects the number of moles water, which is absorbed in the tube 
line connecting, the pressure gauge and cell and can be used as a correcting term the composition 
in the cell. The reference pressure for pure water has in all calculations in this work been set to 
42.455 mbar, 30 ˚C [25]. 
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3.2 Calorimetry 
 
ITC 
In an ITC experiment the signal output is the sum of all heat contributions from a reaction, that is 
triggered upon a injecting of a solution into another housed in the calorimetric cell. In 
experiments with membranes the heat of reaction could be that involved in the process of 
binding or releasing a solute. In this case the absolute heat of reaction would be given by  
  . .reac reacR m Sq H n  
where  is the reaction heat, is the molar enthalpy change caused by the reaction and 
is the number of moles solute involved in the binding/release reaction. The measured heat 
output signal,  has two contributions, one is the reaction heat just define, , the other is the 
sum of all dilution heats,  which is determined by blank runs. The measured heat signal is 
therefore given by 
Rq
.reac
mH
.l
.reac
Sn
Sq Rq
diq
 .signal R dilq q q   
 It then follows from (3.8) and (3.9) that the reaction heat is given by 
 
 . .. reac reacR signal dil m Sq q q H n      
Often the heats are normalized with respect to the number of mole injected titrant . In this work 
the lipid is the titrant and (3.10) becomes  

. .
.
. . .
.
.
. .
reac reac
signal dil m SR
inj inj inj
L L L
reac
reac S
R signal dil m inj
L
q q H nq
n n n
nQ Q Q H
n
     
    


 
To evaluate the experimental data a literature partition model can be used, or if no one is 
suitable, one has to develop a model. To select the right model often requires some ideas of the 
system under investigation, and often the data is fitted to more than one model. The model that 
gives the best fit can then be assumed to be more appropriate to describe the reaction. The model 
often link the number of moles solute involved in the reaction,  to known parameters, as 
e.g. the initial concentrations of solute and lipid and then some adjustable variables, often a 
.reac
Sn
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partition coefficient [8]. In an uptake experiment  will be equal the number of moles 
solute that binds to the membrane. 
.reac
Sn
 
Different partition models can be used depending on the system under investigation. The next 
section outlines some of the most common models based on detergent partition used in the 
literature. 
 
The mole fraction partition coefficient, XK  
If the membrane and the water are considerate as two different phases it follows that at 
equilibrium the chemical potential of the solute in each phase must be the same 
 b wS S   
If the solute is assumed to mix ideally (meaning that the activity constant is equal to one) within 
both the membrane and water phase the chemical potentials will be given by the familiar 
expression for an ideal solution, for the solute in the membrane phase 
 ln,*b b bS S SRT X     
 
and  
 ln,*w w wS S SRT X     
for the chemical potential of the solute in the water phase, with
b
b S
S b
S L
nX
n n
   and 
w
w S
S w
S w
nX
n n
   
as the mole fraction of bound solute in the membrane and the mole fraction of solute in the 
aqueous phase, respectively. It’s here noted that when defining the mole fraction of bound solute 
one could argue that the number of bound water molecules in the membrane head group should 
be taking into account. E.g. for DMPC 4.3 and 9.7 water molecules are bound (tightly) in the gel 
and fluid phase, respectively [30] and a total of ~ 18 water molecules are in the “hydration shell” 
per lipid [31]. So should one include the number of the tightly bound water molecules in the 
mole fraction of bound solute? It will change the fraction relatively much, because then the 
fraction is given by 
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were is the number of mole bound water molecules per mole lipid. That will also change the 
mole fraction of bound solutes for different lipids because lipids with different head-groups will 
have different number of bound water. This will make it harder to compare the mole fraction of 
the same solute for different lipids. Another thing to consider is, if the solute also has bound 
water which can co- partitioned into the membrane, and thereby changing the number of total 
water molecules in the membrane (and thereby a partial depletion of water in the bulk water) 
[32]. It’s however commonly accepted to leave out the number of bound water. In
b
wn
w
SX the number 
of moles of free lipid molecules in solution is also neglected but this is because the critical 
micelle concentration of lipids is normally extremely low (for DMPC, CMC is 6nM [33]). 
 
The standard state for the solute in the membrane, ,*bS is for a solute in a hypothetic, pure solute 
membrane where the standard state for the solute in the water, ,*wS  is that of a hypothetic, pure 
fully hydrated solute solution. 
 
At equilibrium it then follows from (3.12) that 
 ,* ln
b
w b S
S w
S
XRT
X
          
The mole fraction partition coefficient, based on ideal mixing is then defined as XK

b
S
X w
S
XK
X
  
(3.17) can be rewriting with the definitions of the mole fraction to 
   
   
b w
S S w
X w b
S S L
n n n
K
n n n
   
By use of the mass law, total b ws s sn n n  and that for diluted solutions, wwn n s

(3.18) can be 
written as 
   
b
S w
X total b b
S S S L
n nK
n n n n   
By rearranging (3.19) one obtain a quadratic equation 
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    20 b total b totalX S X S L w S X S LK n K n n n n K n n         
that can be solved for (the number of bound moles solute in the membrane) to [13]  bSn
 
          22 21 22b total total totalS X S L w X S L X S L wXn K n n n K n n K n n n nK           w  
 
(equation (3.21) can also be writing in terms of concentrations) 
 
The mole ratio partition coefficient, KR 
Another partition coefficient that has empirically shown appropriate to describe partition of 
amphiphiles and detergents into membranes is the mole ratio partition coefficient,  define as. RK

b
b S
R w w
s L s
R CK
C C C
   
where 
b
S
b
L
CR
C
 is called the surfactant-to-lipid ratio [34] (in equilibrium dialysis experiments this 
factor is called the binding number,   and it follows that 
b b
S
b
L L
n CR
n C
    S ). The unit of is 
M-1. This partition coefficient is often found to be constant where the mole fraction partition 
coefficient,  is a function of
RK
XK
b
SX . The concentration of bound solute in the membrane can be 
found from rewriting (3.22) to 

1
b total R L
S S
R L
K CC C
K C
   
The mole ratio partition coefficient, resemble the more general equilibrium constant for a 
reaction, as 
RK
      free complexS L SL   
 
The molal partition coefficient, KP 
Another partition coefficient used by some authors in e.g. densitometry and equilibrium dialysis 
[10, 35] is the molal partition coefficient define as 
 1
b
S
P w
m S
nK
r n
    
 
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where Lm
w
mr
m
  is the lipid-to-water mass ratio. It follows by use of the mass law that the number 
of bound solute in the membrane is given by 

1
b total P m
S S
P m
K rn n
K r
   
The molal partition coefficient is more practical to use because it doesn’t have the assumption 
that the volume of the solvent remains constant when mixing with the solute (it’s precisely the 
same argument for using molal concentration instead of molar concentrations. Also the molal 
concentration remains constant with temperature, while the molar concentration will vary 
because the density for solvents is a function of temperature).  
 
The connection between the partition coefficients 
The mole fraction partition coefficient,  and the mole ratio partition coefficient, is related 
by the relation 
XK RK
    1 1 XR w X b bS
KK C K R
X
     
and it’s noted that RK KX . By a factor of 55.5 for low solute concentration in the membrane. 
The link between the mole ratio partition coefficient, and the molal partition coefficient, RK PK  
is 
 R L P mK C K r  
It follows from (3.27) and (3.28) that 
  
 
1
1
P mX
b
LS w
X L
P b
mS w
K rK
CX C
K CK
rX C
 
 
 
Partition coefficient based on volume fraction can also be used [11], and the different models can 
be further developed by incorporating e.g. the translocation of the solute between the inner and 
outer leaflet of the membrane [15] and electrostatic effects for charged solutes and membranes 
[13]. These more advanced models are not included in this work because it was not known prior 
if ITC would be suitable to measure partition coefficient of 5HT into membranes. If not, obvious 
there would be no need to develop more advanced models. 
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Therefore the fit function derived in the following section is based on the simple partition 
coefficient, . The reason to choose  is that some authors finds detergent partition described 
betted with this partition model [34]. 
RK RK
 
Derivation of a fit function 
The fit function used in this work, is based on the cumulative heat upon injecting a lipid solution 
into the calorimetric cell containing the solute solution [34]. Each injecting of lipid into the 
solute solution will give rise to partition of the solute into the membrane. This partition reaction 
will be associated with either heat release or uptake. It follows, that the more lipid that is injected 
into the cell, the less solute will be available to partition end consequently the heat signals will 
decrease. The i’te injection will have given rise to a cumulative heat given by (3.8)  
   
1
i
b iw m
k m S
k
q H n 

 
where 
1
i
k
k
q

 is the cumulative heat,  b iSn  is the number of moles solute that partitioned in the 
i’te injecting and  specifies that it’s the enthalpy change for the partition reaction of the 
solute in the water, w into the membrane, m, . The number of bound solute in the i’te 
injecting can also be writing in terms of concentration 
w m
mH

w m
    b i b iS S cn C V ell  
where  is the volume of the calorimetric cell. The concentration of bound solute was found in cellV
(3.23) and by combining this equation with (3.31) and (3.30) one obtains the simple fit function 
(3.32) that applies to the cumulative heat. 
  
 
 
1 1
ii
total iw m R L
k m cell S i
k R L
K Cq H V C
K C
 

    
The two variables  and can then be determined simultaneously by plotting the 
experimental data as 
w m
mH

1
i
k
k
q
RK


  versus  iLC   and then fit (3.32) by a non-linear regression analysis 
routine. It follows that if the measured cumulative heat is inserted in μcal, the concentrations in 
mM, the cell volume in ml. the two variables,  and  will come out in units of cal and 
mM-1, respectively. 
w m
mH
 RK
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The concentration of both the solute and lipid are corrected for the overflowing volume of 
continuous injections describe by the manufacture of the VP-ITC. 
 
ITC data analysis 
All ITC raw data where analysed with the software package provided with the VP-ITC, 
Origin7.0 with the ITC-module installed. The non-linear regression analysis where don in 
OriginPro 8.0. 
 
The non-linear regression analysis to the uptake data in  
Figure 3-4 gave   = -2.2 (±0.05) KJ/mol and = 1.72 (±0.01) mM-1. This is in good 
accordance with an earlier fit that was based on the normalized heat and corrected for the 
membrane translocation of 5HT [36] which gave   = -2.7 KJ/mol and = 1.7 mM-1. 
w m
mH
 RK
w m
mH RK
 
Figure 3-4 50.2mM DMPC (ULV) injected into 0.3mM 5HT, Temperature 30 ˚C, injecting volume was 3 μL with 
spacing of 600 sec. The insert graph shows the raw heat flow while the main graph shows a plot of the cumulative 
heat versus the lipid concentration in the cell. The red line is the best fit to (3.32) (not all data point from the raw 
data is included in the fit). 
The non-linear regression analysis to the data in Figure 3-5 gave   = -0.7 (±0.001) kJ/mol 
and = 3.4 (±0.1) mM-1. An earlier fit to the same data in [36] gave   = -1.3 kJ/mol and 
= 3.2 mM-1. 
w m
mH

HRK w mm
RK
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Figure 3-5 48.5 mM DMPC (ULV) injected into 0.3mM 5HT, Temperature 35 ˚C, injecting volume was 3 μL with 
spacing of 600 sec. The insert graph shows the raw heat flow while the main graph shows a plot of the cumulative 
heat versus the lipid concentration in the cell. The red line is the best fit to (3.32) (not all data point from the raw 
data is included in the fit). 
 
It has to be stressed that the cumulative fits in  
Figure 3-4 and Figure 3-5 gives a little lower enthalpy than obtained in [36]. One explanation to 
this could be that the fits in [36] included the first injecting where it’s normal procedure to 
disregard this [15]. Another explanation could be that all data points were used in the fitting 
routine in [36] were in this work only data until the heat flow signal became constant where 
used. It has to be stressed that both the fits in [36] and this work, is not corrected for the dilution 
of injecting the lipid solution into pure water (the dilution from injecting pure water into 0.3mM 
5HT gives the same signal as injecting water into water and can thus be neglected). 
 
On the background of the relative good accordance between earlier fits and the simple 
cumulative fit function it was concluded, that the cumulative fit function could serve as a first 
estimate to ITC uptake data. New uptake experiments conducted in this work was therefore 
evaluated by (3.32).   
 
The ITC experiments conducted in this work will shortly be describe and analysed. The stock 
concentration of DMPC (ULV) used was determined to 6.4 % (w/w) with a SD (4 parallel) of 
0.13. To a start in this work some initial experiments with different concentrations than used in 
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[36] were conducted. This was done to see in which concentration range good signals could be 
obtained. The main reason for this was that a lower syringe concentration of lipid was desired. 
This initial “screening” was conducted with 31.4mM DMPC (ULV) in the syringe and varied 
concentration of 5HT in the cell from 250 μM to 450 μM. The best raw data from these initial 
experiments can be seen in Figure 3-6. 
 
 
Figure 3-6 Syringe: 31.4mM DMPC (ULV), Cell: 0.285mM, Temperature 30 ˚C, Injecting volume: 1x1, 4x10 μL 
with spacing of 600 sec. The initial delay was set to 2500 sec. because of drifting baselines up to ~ 2000 sec. 
 
It was in general observed that the heat signal decreased with increased 5HT concentration. Also 
a general observation was that a second experiment conducted in a row with the cell content 
change, but with the syringe content unchanged often gave no signals. And even with the same 
concentration of the 5HT in the cell as a control experiment. No explanation to this has been put 
forward. 
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On the basis of the result in Figure 3-6 some new uptake experiments where conducted. The best 
can be seen in Figure 3-7. 
 
 
Figure 3-7 Uptake experiment conducted in this work. Syringe: 31,4mM DMPC (ULV), Cell: 0.285mM 5HT, 
Temperature 30 ˚C, Injecting volume: 1x1, 14x5 μL with 600 sec spacing. Delay 2500 sec. The insert graph shows 
the raw heat flow while the main graph shows a plot of the cumulative heat versus the lipid concentration in the cell. 
The red line is the best fit to (3.32) (not all data point from the raw data is included in the fit). 
The fit to the data in Figure 3-7 is clearly seen to give a bad estimate. The bad result is possibly 
caused by an insufficient extruded DMPC dispersion, a “bad” 5HT solution and/or an 
insufficient fit function. 
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The best result obtained from the solvent-null protocol in [36] is shown in Figure 3-8. 
 
Figure 3-8 Solvent-null experiment. The mixture in the syringe was 48.4mM DMPC (ULV) and 6mM 5HT that had 
equilibrated at 35 °C for 48 hours. Each point represents the average of two injections. Dilution heats from injecting 
6mM 5HT into pure water is not substrated. Adapted from [36] 
With the total concentration of both 5HT and DMPC known an estimate of the free concentration 
can be calculated if an estimated partition coefficient is known prior the experiment. By 
combining the free solute concentration, given by mass law and equation (3.23) one obtains 
 
 1
1
w total R L
s s
R L
K CC C
K C
    
 
As a first estimate the highest (0.011mM-1) calculated from the DSC results (see next 
section) were used. This would thus also prove if the freezing point model is appropriate to use 
for estimating partition coefficients. The free concentration calculated this way gave 3.9mM. If 
(1.7mM-1) found from the uptake protocol are used instead, the free concentration is 
estimated to be 0.07mM. If the results in 
RK
RK
Figure 3-8 are corrected for the dilution heat of 
injecting 6mM 5HT into pure water (data not shown) then the intercept with the abscissa gives 
3.7mM. Interestingly calculated from the freezing point model gives a better estimate. RK
 
But there is however a peculiarity in this solvent-null experiment when comparing with results 
from release experiments [36]. Namely the fact that two experimental series gave opposite heat 
signals for the solvent-null with 0mM 5HT in the cell. Here the heat signals should be similar 
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because the solvent-null experiment with 0mM 5HT in the cell is a release experiment. No 
explanation to this observation has been put forward. 
 
 
DSC 
Data were analysed in the NanoAnalyse Software version 1.2 (TA Instruments). The raw power 
signal, dq
dt
 
  were converted to the molar heat capacity, ,P mC   by the formula 
  ,P m cell sample
dq
dtC
V C
       
where   is the scan rate,  is the cell volume and cellV  sampleC  is the sample concentration given 
in mol/L of the lipid. A reference scan of pure MilliQ in both the cell and reference with the 
same run parameters (expect the pressure profile) were subtracted. The result were fit with a 
2.polynomiums baseline and integrated from 10 to 40 ˚C (arbitrary chosen) to give the molar 
enthalpy change,  of the main phase transition. The transition temperature, Tm were taking 
as the peak value and both the uncertainty in the reading of the peak value and the 
reproducibility were estimated to ± 0.01K (it was however observed that the first value of Tm at 3 
bar was always a little lower ~0.02K than the second scan at 3 bar and the first peak was always 
disregarded). 
mH
From the fitted slope to the pressure dependence of the melting point temperature it were 
possible to calculated the volume change from the Clausius-Clapeyron equation [9] 
 m mdT VTdp H
   
The volume changes were further converted to the relative volume change, 
.spec
V
V
 by dividing 
with the partial specific molar volume of DMPC (663 ml/mol)10. 
The results of pure DMPC (ULV) is listed in Table 3-1 and compared with the literature. The 
plot to obtain the slope, dTm/dP can be seen on Figure 3-9. 
                                                 
10 This is found by multiplying the partial specific volume of DMPC (0.978 ml/g at 30 ˚C) with the molecular 
weight of DMPC. 
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Table 3-1 Parameters obtained for pure DMPC (ULV) and comparison with the literature. The numbers in brackets 
is the uncertainty. (Literature values obtained in 10 mM TRIS, 100 mM NaCl, pH 7.4) 
DMPC (ULV) (gel→fluid) This work Literature [9] 
Tm [˚C] 24.2 (0.01) 24.02 
∆H [KJ/mol] 17.3 (2) 23 
dTm/dP [K/katm] 24.2 (0.5) 26.5 
∆V [ml/mol] 14.2 (1.7) 20 
∆V/Vspe. [%] 2.2 (0.3) 3.0 
 
 
Figure 3-9 The melting point temperature, Tm as a function of excess pressure for pure DMPC (ULV) 6.8mM (SD 
0.8). 
 
It is noticed for the pure DMPC (ULV) liposomes that a litter higher Tm and a slightly lower 
is measured. The lower is probably because of the relatively high uncertainty in the 
lipid concentration determination used for the DSC experiments. 
mH mH
The results with 5HT showed no systematic dependence on mH  as a function of the 
concentration. See Figure 3-10 for a plot of the curvature of the excess molar heat capacity 
thermogram for comparison of pure DMPC (ULV) with 5HT added to DMPC (ULV) to a mol 
ratio of 19.6%. 
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Figure 3-10 Excess molar heat capacity of pure DMPC (ULV) vs. mol ratio of 5HT to DMPC of 19.6%. The relative 
uncertainty on ,P mC  is estimated to ± 0.4 from the uncertainty in the concentration of the DMPC and the scan rate. 
The change in melting point temperature is plotted on figure Figure 3-11 where it is observed 
that Tm drops slightly as the concentration of 5HT is raised (tantamount to a negative change in 
∆Tm).  
 
Figure 3-11 The change in melting point temperature (∆Tm ) as a function of concentration of 5HT and pressure. 
The concentration of DMPC (ULV) were 10.2mM (± 1.3) which translate into mol ratios of 5HT/DMPC to 9.8%, 
14.7% and 19.6%. (The where also made a series of 0.5mM 5HT which had equilibrated for 48.hours instead of 24. This run however 
differed significantly from the other runs in respect to fluctuations in Tm as a function of the pressure and was disregarded on the basis of 
previously problems with 5HT/DMPC samples that had been equilibrated for longer than > 24.hours. Data not shown). 
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In Figure 3-12 is the average value of ∆Tm as a function of 5HT shown. 
 
 
Figure 3-12 Average ∆Tm (averaged over the pressures) as a function of 5HT. The phase boundary from gel to fluid 
phase is sketched with a line.  
 
The slopes of dTm/dP for each concentration of 5HT were converted to a volume change as 
described earlier and further converted to the relative volume change. The result is plotted in 
Figure 3-13. 
 
Figure 3-13 The relative change in volume ∆(∆V)/ ∆Vpure,DMPC in percent as function of 5HT.  
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Figure 3-13 shows that when serotonin is added the volume increases. However the estimated 
relative uncertainty was larger (two times) than the measured values. So no definitive conclusion 
can be extracted from the volume change of adding 5HT. 
The volume change of DMPC (MLV) membranes was studied in [36] and the change was more 
pronounced, see Figure 3-14. This data has not been re-analysed in this work and there’s 
expected to be large errors because of the errors in the volume change for the DMPC (ULV) 
membranes. It does however give an indication that when 5HT is added the volume changes, in 
the case of DMPC (MLV) up to ~60% at a mol ratio of 16%. 
 
 
Figure 3-14 The relative change in volume ∆(∆V)/ ∆Vpure,DMPC in percent as function of 5HT for MLV membranes. 
Re-plotted from data in [36]. 
 
A final overview of the results of 5HT’s effect on the phase behaviour on DMPC (ULV) is listed 
in Table 3-2. 
Table 3-2 Final DSC results of 5HT’s effect on the phase boundary of DMPC (ULV). The concentration of DMPC 
(ULV) was 10.2 (± 1.2) 
5HT added (mM) 1 1.5 2 
∆Tm (˚C) -0,009 -0,07 -0,09 
dTm/dP [K/katm] 24.1 25 25.2 
∆V [ml/mol] 14.17 14.73 14.85 
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From ∆Tm, ∆Hm and Tm an estimated mole fraction partition coefficient,  can be calculated. XK
To convert the freezing-point depression to an estimated mole fraction partition coefficient,  
one has to use that the mole fraction of bound solute can be found from the freezing-point 
depression equation 
XK
 2b ms
m
T HX
RT
    
and that the mole fraction partition coefficient is defined as (3.17). The number of bound solutes 
found from the freezing-point model is a link between a macroscopic thermodynamic determined 
parameter, ∆Tm and the microscopic parameter bsX . By use of the law of mass balance, 
total w b
s sn n  sn  the expression for the mole fraction of solute in the aqua phase can be writing as 

total b
w s s
s total b
s s w
n nX
n n n
    
  
and the number of bound solutes, bsn  can be found from 

1
b
b s L
s b Lb
s
X nn R
X
  n  
 
By combining (3.17) (3.37) and (3.38), rewriting and dividing by the volume one obtains  
 

total
b s w L b
X s total
s L b
C C C RK X
C C R
     
 
where bR is the surfactant-to-lipid ratio defined earlier. The subscript stands for concentration 
of the specified component given in molar. From 
C
(3.39) one can estimate the mole fraction 
partition coefficient from variables known prior the experiment and the mole fraction of bound 
solute found by (3.36) from the parameters obtained in the DSC experiment.  were further 
converted to the mole ratio partition coefficient,  assuming the linearity between the two. The 
results are plotted in 
XK
RK
Figure 3-15.  
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Figure 3-15 KX and KR found from the freezing point depression model plotted as a function of 5HT concentration. 
From Figure 3-15 it can be seen that the highest added concentration of 5HT gives an estimate of 
 ~ 600 (error 14%) from the freezing point model. XK
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4 DISCUSSION 
This chapter will start with an outline of the basic physicochemical properties of 5HT. Then 
former studies on 5HT/membrane systems are reviewed. The results obtained in this work are 
then discussed in comparison with the former studies but also in the frame of theories in the field 
of membrane partitioning, freezing point depression and preferential interaction. Towards the 
end some perspectives of further studies are given.  
 
4.1 Review on 5HT and it’s interaction with model membranes 
The neurotransmitter 5HT is one of the most extensively studied neurotransmitters of the central 
nervous system, and belongs to the monoamine group of neurotransmitters. One of the reasons, 
why 5HT is so well studied is because it has a big influence on different physiological functions 
as e.g. sleep, mood and memory. The molecular formula is C10H13N2O (Mw 177.24 g/mol) and 
5HT used in this work was the chloride salt. The pure 5HT-chloride salt is a white hygroscopic 
powder that’s sensitive to light. The solubility in water is stated to be 17 mg/ml (~96 mM) (in 
0.1M HCl 22 mg/mL) with a clear to slightly light yellow colour in solution [37]. Aqueous 
solutions should be stable in a pH range of 2-6.4 [37]. The pure compound is stated to have a 
vapor pressure below 13 μbar [27] and estimate from the structure gives 2·10-3 μbar [38], both at 
25 °C. No measured value in the literature has been found. 
 
The structure of 5HT can be seen on Figure 4-1. [16] found a pKa of 10.4 ±0,2 for the amine at 
the choline-group by fluorescence. The structure of 5HT in water for pH < pKa is then 
protonated at the amine and the ratio between the deprotonated and protonated form at pH 7 is 
6·10-4. Meaning that almost all of 5HT molecules in an aqueous solution at pH 7 are protonated 
and thereby cationonic. The aromatic ring-system is planar and stiff because of the delocalized 
pi-electrons. 
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Figure 4-1 The structure of 5HT in an aqueous solution at pH<10.2. 
 
There have been conducted experimental studies on 5HT interaction with model lipid 
membranes before. [7] studied different drugs and neurotransmitters (including 5HT) interaction 
with DPPC membranes with DSC (scan rate 5 °C/min, Buffer: Tris 100 mM, CaCl2 10 mM, , pH 
7.2) . They also measured the logKow partition coefficient to correlate the result of 
hydrophobicity with the effect on the phase behaviour. Their conclusion from the low lowering 
of Tm (-0.5 °C at a mol ratio of 20%) and that the width of the peaks remained small, was that 
5HT is hydrophilic and mainly localized in the aqueous phase. Thus, the interaction with DPPC 
is weak. It’s however noted that their end concentration of 5HT in the DSC series is almost 3 
times as high as the stated solubility by [38]. This has together with the vapour pressure 
measurement conducted in this work on the two-component system led us to speculate, that the 
solubility is probably higher than stated by [37]. They measured the apparent logPow partition 
coefficient of 5HT to -1.57 (23 °C). This should be compare to the value provided by [27] which 
is 0.21. These values suggest that 5HT has a relatively hydrophilic nature. They also measured 
the molar volume of 5HT to 122 ml/mol (203 Å3). The calculated molar volume from the 
structure gives 136.7 ml/mol [38]. In [6] they measured a change in Tm of -0.3 °C on a mol ratio 
of 6% (3mM 5HT / 50mM DMPC (MLV), 10mM HEPES buffer, 1mM EDTA, pH 7.0) also by 
DSC (scan rate 0.08 °C) and found that adding 5HT broadened the transition profile but that 
∆Hm remained unaltered. DSC experiments (scan rate 0.1 °C) on 5HT/DMPC(ULV) samples 
that had been used in equilibrium dialysis experiments has been conducted by [10]. They found a 
lowering of Tm of -0.15 °C on a mol ratio of 1.6%. 
 
Binding studies by fluorescence has been conducted by [16]. Mol ratio of 1% 5HT (6.4nmol 
5HT/640nmol lipid, Buffer: 10mM 3-(N-morpholino)propanesulfonic acid, 150mM NaCl, pH 
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7.2) to SUV membranes of either DOPC or to a mixture of 60% DOPC and 40% DOPG showed 
no binding. They attributed the inability of 5HT to bind to the insufficient hydrophobicity of 
5HT. 
 
Computer simulations by [39] showed that a 5HT molecule never reached the hydrophobic 
centre of a DPPC membrane but had a negative ∆Gbarrier in the order of -30KJ/mol. 
 
In an older study by [40] the apparent affinity constant of 5HT to some acidic lipids e.g. 
phosphatidic acid, phosphatidyl serine and 1-phosphatidylinositol was measured to 1.4mM-1, 
1.2mM-1 and 2.1mM-1, respectively. In [41] they measured affinity constants in an aqueous-
organic partition system and by equilibrium dialysis. One of the main results was an apparent 
affinity constant for 5HT to sulfatide of 3.3mM-1. But more interestingly they also studied the 
ionic strength effect on binding. They found that increasing the ionic strength strongly inhibits 
binding and up to 80% compared to binding in pure water. The inhibition was not found to be 
specific for any particular ionic species and the authors thus speculated that salts act in a non-
competitive way. 
 
A last very important thing to mention in this review section is the problems that can arise when 
working with 5HT and not taking proper precautions. This difficulty is best illustrated by Figure 
4-2. 
 
Figure 4-2 Illustrates the light-sensitivity of serotonin. Both the vials contains a 5HT/DMPC(ULV) mixture. The 
vial on the right have been exposed to light for a couple of days while the other has been shielded from light. 
Adapted from [36] 
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Figure 4-2 shows two vials each containing an identical mixture of 5HT and DMPC (ULV). 
Where the left vial has been shielded from light the right one has been exposed to light for some 
days. The mixture that had been exposed to light is seen to have obtained a brownish colour 
indicating some kind of photochemical induced reaction and possible degradation of the lipids. 
Small black aggregates also appeared in the solution. These small aggregates were also observed 
in one of the vapour pressure experiment for only 5HT and pure water that hadn’t been shielded 
from light. Demonstrating the fact that 5HT indeed is light sensitive as state by [Sigma-Aldrich]. 
This clearly stresses the importance of shielding 5HT samples and solutions from light. In our 
pervious work [36] it’s was stated that shielding 5HT solutions from light solves the problems. 
However, new acquired information suggests that shielding isn’t sufficient. In a preparation note 
from [Sigma-Aldrich homepage] it’s recommended that 5HT solutions should be freshly 
prepared. In [41] they also experienced some difficulties when working with 5HT and solved 
their problems by using freshly prepared 5HT solutions. Taking this new information in 
consideration all of our previous result [36] have to be interpreted with caution because we used 
5HT stock solutions that were up to one month old. 
 
 
4.2 Discussion of results (this work) 
In the following section the results obtained in this work will be discussed and compared with 
the former studies. It’s not clear form these former studies if 5HT has a net affinity for 
membranes. However, some evidence point in the direction that the interaction of 5HT with 
membranes is weak and probably because 5HT is hydrophilic. 
 
If 5HT should have the ability to induce an anaesthesia effect it should cause a change in the 
melting point temperature of -0.6 °C [1]. In [7] a change in that magnitude is obtained on a mole 
ratio of approximate 20 %. In this work 20% mol ratio only gave a freezing point depression of 
DMPC of - 0.09 ˚C which is not in an order of magnitude to could induce an anaesthetic effect in 
the artificial membrane. If [4]’s freezing point model is valid, with the inherent assumptions, 
then at 20% mole ratio approximate 1% of the total 5HT molecules is bound in the DMPC 
membrane and that gives a estimate of the mole fraction partition coefficient,  of ~ 600. [10] 
found a change in the melting point temperature of -0.15 ˚C but on a mole ratio of only 1.6% 
indicating that a anaesthesia effect of 5HT could be induced at a mol ratio of 6.4% under the 
XK
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assumption that Tm is linear dependent on the 5HT concentration up to that mol ratio. The 
freezing point depression found in [10] is properly more reliable than found in this work because 
the samples there had also been used in dialysis measurements ensuring proper equilibrium 
between the inner and outer leaftes of the membrane and proper shielding of samples from light 
minimised the risk for light induced reaction of 5HT. It’s here noted that if the partition 
coefficient found by the freezing point model is found lower than by other techniques then it 
could be a sign of interaction in the gel phase. The assumption of no interaction in the gel-phase 
can of course best be checked by measuring the partition coefficient in the gel phase e.g. by 
equilibrium dialysis. 
If it is assumed that the 5HT doesn’t interact with DMPC in the gel phase then the volume 
change calculated by the slope of mdT dP  from the DSC experiments can be addressed entirely 
to the change in the volume of lipid. For the mol ratio of 20% a change in volume for DMPC 
(ULV) was calculated to 0.68ml/mol but the uncertainties in these calculations where large and 
nothing conclusive can be said from these experiments. The volume change could have been 
used to estimate the change in the head group area of the lipid because SAXS measurements at 
35 °C [36] showed no correlation between raising the concentration of 5HT and a change in 
bilayer thickness (6mM 5HT / 50mM DMPC (ULV)). The thickness remained constant at 33Å 
with a minor increase in the electron density in the head group. 
 
The partition experiments from the ITC-uptake protocol gave with the cumulative heat fit 
function the parameters and .These parameters could be used to calculated the 
standard Gibbs free energy and entropy by using the relation 
,w m
mH
  RK
 
    , ,ln w m w m w mX m m mRT K G H T S         , 
w
 
The calculation of the mole fraction partition coefficient was calculated with the linear relation 
with the assumption that . The heat capacity change was calculated 
as
X RK K C 1bSX 
w m
w m
pC
  mH
T

  . The final thermodynamic parameters for the partition process of aqueous 
5HT into a DMPC (ULV) membrane found by the ITC uptake protocol are collected in Table 
4-1. 
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Table 4-1 Termodynamic parameters for the transferee of 5HT into a DMPC (ULV) membrane. The results are 
obtained from the cumulative fit function to ITC uptake data. 
Temperature [˚C] 30¤ 35$ 
KR [mM-1] 1.72 3.4 
KX [104] 9.5 18.9 
,w m
mG
   [kJ/mol] -28.9 -31.1 
,w m
mH
   [kJ/mol] -2.2 -0.7 
,w m
mT S
   [kJ/mol] 26.7 30.4 
0.3 w m
pC
  [kJ/mol] 
¤3mM 5HT in the cell, end concentration of DMPC (ULV) 2.5mM. 
$3mM 5HT in the cell, end concentration of DMPC (ULV) 1.25mM. 
 
The partition coefficients is in the same order of magnitude as found for detergents [11] which is 
not expected for 5HT. But the coefficients a close to those found in older studies to negatively 
charged lipids of biological membranes. The standard Gibbs free energy calculated from the 
partition coefficients is negative suggesting that the partition of 5HT is a spontaneous process.  
It’s further noted that  at both temperatures is small and negative, indicating that the 
process is exothermic. If the partition of 5HT into membranes was hydrophobic driven then 
 would be expected to be negative. This is because the most characteristic feature of 
hydrophobic partitioning is small values and large, negative  values [34]. As 
seen from 
,w m
mH
 
w m
pC

,w m
mH
 

w m
pC

Table 4-1 the process has small values but a large positive  indicating 
that the partition of 5HT is not hydrophobic driven. 
,w m
mH
  w m
pC

 
The other approach to measure a partition coefficient by ITC was by the solvent-null protocol.  
Here it was observed that calculated from the freezing-point model was better to estimate the 
free concentration of 5HT than the partition coefficient found from the uptake experiments. But 
do to insufficient dilution heat substation and some peculiarity in the sign of the signal the result 
from this experiment was discarded. In [10] they measured mole ratio partition coefficients by 
HPLC-UV and found a 1000 fold lower coefficient than compared to values estimated in this 
work with the ITC uptake approach. The order of magnitude of  is interesting found to be in 
the same order of magnitude as found from the melting point theory. 
XK
RK
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One important thing to stress regarding the partition models used in this work is that the models 
presented are based on either the partition of detergents/amphiphiles, or solution theory, . 
But both models lack to take into account for electrostatic effects of charged membrane surfaces, 
charged solutes or both. It’s therefore expected that both models is inadequate to describe the 
binding process of 5HT into membranes because 5HT is positively charged at neutral pH.  A 
partition model that incorporates the electrostatic effect in the ITC data-fitting, by the Gouy-
Chapman theory, is given by e.g. [13].  
RK XK
 
The results of the DVP measurements showed that 5HT is slight hydrophilic do to a negative 
deviation from ideal behavior calculated from Raoult’s law. The negative excess chemical 
potential of 5HT was calculated by the Gibbs-Duhem equation to -0.73kJ/mol at a concentration 
of 35mmolal. That translates into an activity constant of aqueous 5HT of 0.75 at 30 ˚C. 
 
4.3 Conclusive remark 
5HT is found slightly hydrophilic, but have a small effect on the melting point temperature of 
DMPC membranes. Because the freezing point model is found appropriate to estimate partition 
coefficients similar to those found by [10], this suggest that there are some weak interactions 
between 5HT and the DMPC membrane. The ITC-uptake results from [36] indicates strong 
binding expressed through a large negative Gibbs free energy. The ITC results has however not 
been reproducible in this work and it’s speculated that the reaction observed is not a partition 
process. A plausible explanation to what the curves instead represent has been apple to put 
forward. It’s here speculated that the lowering of the melting temperature is caused by absorption 
of 5HT into the head group of the lipid do other forces than hydrophobic maybe electrostatic 
attractive forces, but further studies have to prove this. This hypothesis is mainly based from the 
observation in [41] that the binding decrease upon adding salt. The result is particularly 
interesting when looking at the results found by [16], which found no binding at a very high salt 
concentration of 150mM NaCl. It’s very likely that this high salt concentration influenced their 
binding study without their awareness because they don’t comment on it. 
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4.4 Perspectives and recommendation for further work 
It’s the author recommendation for further experimental work with 5HT solutions that they 
should not only be shielded from light but also freshly prepared (if possible on a daily basis). For 
the ITC experiments freshly prepared solution always gave better results. For mixtures of 5HT 
and membranes, equilibrium times should be reduced and a routine of some freeze-thaw cycles 
should be used instead. These freeze-thaw cycles utilizes the physical property of membranes 
that when they go through the main phase transition the permeability increases. Theses cycles 
will make the equilibrium between the bulk and the encapsulated water in the liposomes go 
faster and the equilibrium time can accordingly be reduced. 
 
Electrostatic effects are clearly interesting to considerate next when looking on former studies on 
the binding of 5HT to negatively charged membranes. Interesting experiments in further studies 
could be to screen the membrane electrostatic potential with a salt (e.g. NaCl) a mixture of 50/50 
negatively charged/neutral membranes. Preferably, also a lipid-type with a double bond in the 
fatty acid chain because of indication of stronger bindings to this type of lipid [10]. Negatively 
charged liposome’s with double bonds also resemble biological membranes more. Obvious, DVP 
experiments on the three component systems 5HT-DMPC-water could be used to determined the 
isoosmolal preferential interaction parameter that could be used to get a quantitative measure of 
the expected weak binding of 5HT. 
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APPENDIX A. CONSIDERATIONS REGARDING THE DVP-
METHOD 
 
4.5 INITIAL COMPOSITION IN VAPOR CELLS 
Here deviation of formulas used to calculate the initial compositions in the vapor pressure cells 
for the DVP method, for solutions that one can’t freeze, is presented. These formulas have two 
main purposes; the first is that when given the weight ratio of the lipid unilamellar suspension, 
 (which is determined gravimetrically) and the weighed mass of the aliquots of the lipid 
suspension transferred to the vapor cell, , one wants to know the mass of water that has to 
be added to the cell (from the solute stock solution),  to give the initial weight ratio 
wanted in the vapor cell,
,L stockr
,
trans
L stockm
,solute stock
add
wm
,L cell
inir . The second is that the water added has to have a molal solute 
concentration so when diluted in the vapor cell it gets the initial concentration,   wanted for 
the experiment.  
,
ini
S cellB
Because the mass of lipid remains the same after solute stock solution is added, the two ratios 
 and ,L stockr ,L cell
inir can be used to calculate the mass of water that has to be added by 

, ,
, ,after dil. before dil. before dil. before dil. before dil.
,solute stock , , , , ,1
L cell L cell
L stock L stockadd
w w w cell w cell w cell w cell w cellini ini
r r
m m m m m m m
r r
            

With the mass of water in the cell before dilution given by  
   
before dil.
, , ,
, ,1
trans
w cell w stock L stock
trans
L stock L stock
m w m
w m

 
and the link between weight-fraction, LL
L w
mw
m m
   and ratio, 
L
L
w
mr
m
  for a two-component 
system given by 
 111L L
w
r
   
we can combine (A.2) and (A.3) into (A.1) to obtain a expression for the mass of water from the 
solute stock solution that has to be added to the vapor cell to give the desired lipid concentration 
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
,
,
,solute stock ,1
,
11 1
1
L cell
L stockadd trans
w ini
L stock
r
m
r r
            
L stockm  
From the added mass of water we can find an expression for the molal concentration of the 
solute stock solution from , which is the desired initial molal concentration of solute in the 
cell after dilution. The number of moles in the cell to give  can be found from the total 
mass of water by 
,
ini
S cellB
,
ini
S cellB
  before dil., , ,solute stock ,ini ini addS cell S cell w w celln B m m   
Insetting (A.4) and (A.2) into (A.5) gives 
 ,
,
,
, , , ,1 1
, ,
,
, ,1
,
1 11 1 1
1 1
11
1
L cell
L cell
L stockini ini trans trans
S cell S cell L stock L stockini
L stock L stock
L stockini tr
S cell L stockini
L stock
r
n B m m
r r r
r
B m
r r
 

                          
           
ans
 
The molal concentration of the solute stock solution can be found from 
 ,,
,solute stock
ini
S cell
S stock add
w
n
B
m
  
Inserting (A.6) and (A.4) into (A.7) one obtains 

,
,
,
,
, ,1
,
,
,
,1
,
1
,
,
11
1
11 1
1
1
L cell
L cell
L cell
L stockini trans
S cell L stockini
L stock
S stock
L stock trans
L stockini
L stock
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S cell
L stock
r
B m
r r
B
r
m
r r
r
B
r



                    
     
 
But after the lipid suspension and solute stock solution are mixed in the vapor cell one have to 
(re)calculate the actual composition from the actual mass transferred to the cell for both the 
solute stock solution, lipid suspension, the weight fractions of the solute stock solution and lipid 
suspension, respectively. The actual initial weight ratio of lipid to water in the cell after mixing 
is given by 
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
   
,
,actual 
,
, ,
, , , ,1 1
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L cellini
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L stock L stock
trans trans
L stock L stock S stock S stock
m
r
m
w m
w m w m

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 
And the actual initial weight ratio of solute to water in the cell after mixing is given by 
    , , ,actual , , , ,1 1S cell
trans
S stock S stockini
trans trans
L stock L stock S stock S stock
w m
r
w m w m
     
To convert the weight ratios to concentration given in molal one has to multiply with the 
conversion factor
310
WM
, where WM is the molecular weight of the component. The molal 
concentrations can be converted to mole ratio of water to compound by 

3
,
10w
compound compound W w
n
n B M
  
and the mole ratio of lipid to solute in the cell can further more be found from 
 ,
,
actual 
,
actual 
,
L cell
S cell
ini
lipid W S
ini
solute W L
rn M
n r M
   
 
4.6 WATER TITRATION PROCEDURE 
The number of mole water to be titrated or removed to give a desired concentration (of the 
solute, S) in the cells is given by 
 ,, /
,
1000 1 1S celltotal
w titrate remove ini final
W w S S
n
n
M B B
     
 
where  is the number of mole solute in the cell, given by  ,S celln
,
,
trans
S S stock
W S
w m
M

. The number of 
moles to remove can be divided by the numbers of steps over which one wants to change to 
concentration and this can then easily be converted to a pressure for at given volume and 
                                                 
,
1 The starting point for the deviation of the expression is to use that 
2 2 2, ,H O remove H O initial H O final
m m m 
initial final
S Sn n
and if the 
solute in solution is involatile (can be tested in a separate experiment), then the number of mole solute is the same 
before and after removal of water vapor. Alternative one can use that .  
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temperature. This is however not an optimal protocol because it will give a high resolution1 in 
the start of the experiment but a low in the end. This is because the number of moles water 
removed/titrated is kept constant. Often it’s more desirable to have a constant concentration step 
which means that the water to remove in each step have to be adjusted throughout the 
experiment. The number of moles water to remove in each step is still given by (A.13) but now 
the molal concentrations has be expressed in terms of a step constant, here just simply given as 
initial final
S S
step
steps steps
B BBB
x x
  , where stepsx is the number of data points wanted in the experiment. 
It can easily be shown that the molal concentration in the i’te step is given by 
 
   initialS S sti epB B i B   
 where   is the step number. If i (A.14) is put into (A.13) for step  1i   and  one gets  i
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, 1
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M B
1 1
1 1
1
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w remove i i
W w S S
S cell
initial initial
W w S step S step
n
n
M B B
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i B B i B

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 
(A.15) can thus be used to calculate the number of moles water to remove in the i’te step if a 
constant molal step in concentration is wanted. A check of the formula for  , (in excel) 
gave the same as ,
total
w removen  found by 
1
stepX
i
w remove
i
n


(A.13), as expected. 
 
4.7 UNCERTAINTIES AND ERROR ESTIMATIONS 
The relative error on the number of moles removed in each step was estimated by 

½22 2
,n w VP T
wn P T V
                      
 
where P, T and V have their normal meaning and x is the uncertainty of the respective variable. 
For: 
                                                 
1 Resolution in this section means in respect to the concentration.  
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P = 40mbar ± 0.02 (the manometer has a accuracy of 0.05% [24]) 
T = 300K ± 0.1 
V = no estimate of the uncertainty in the volume was available, so this is set to be known very 
accurately ( 0V  ) and does therefore not contribute to the total error. 
The relative uncertainty is thereby estimated to be 0.06% which is in good accordance with 
earlier estimates [24]. 
    
4.8 A NOTE FOR USING THE IDEAL OR A REAL GAS LAW 
Two ways to describe a gas more accurate is either by a virial expression. If the second term in 
the virial expression is included then the deviation from the ideal gas law can be calculated. By 
inserting B(340K) for water vapor -660 cm3mol-1 [25], the experimental temperature 340K (the 
temperature in the metal box) and the pressure used in the titration steps (normally around 40 
mbars) and calculate the deviation as the compressibility factor Z, given by ( )1
m
B TZ
V
   one 
gets a deviation of 0,999. The relative error on the number of moles water removed or added 
compared to the ideal case is here estimated as 

,
, 1ideal z virialn w error w w
ideal ideal ideal
w w w
n n n Z
n n n Z
       
The relative error on the number of moles is calculated to 0.2%. 
 
4.9 FLUCTUATIONS IN THE ABSOLUTE PRESSURE FROM 
FLUCTUATIONS IN THE TEMPERATURE OF THE THERMOBATH 
The fluctuations in the TB will give rise to fluctuations in the measurements of the absolute 
water vapor pressure. If the enthalpy of vaporization of water is assumed independent of the 
temperature in small temperature steps (it drops ~44J/mole pr. degree [25], so it’s a valid 
assumption) then the Clausius-Clapeyron can be approximated to an first order in  to *T T T  
 * *2( ) 1 vap
H
P T P T
RT
     
 
(A.18) can be rearranged to 
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 * *2vap
HP T
P RT
   
and from (A.19) it can be seen that a small change in temperature will be proportional to the 
relative change in vapor pressure. The experimental temperature in this work was 300K and the 
fluctuations (stability) of the temperature bath were ±0.02K, 02 ,30 43.77 /vap H O CH KJ mole  [25] 
and that gives a relative fluctuation in the absolute vapor pressure of ±0.1%. 
 
  
4.10 MANUFACTURING OF NEW VAPOUR PRESSURE CELLS 
There were manufactured new cells to the vapor pressure equipment. In the new design a steel 
fitting (Swagelok) was glued with Araldite® into the stem of a glass bulb (~25mL) and the cells 
were stored at room temperature for minimum 48 hours to insure that the glue was completely 
cured. Subsequently, they were exposed to vacuum (10-5 mbar) for at last one week to remove 
any residue organic solvents and air trapped in the glue. The cells was first tested to see which 
temperature range they could resist without break (the ratio between the coefficients of thermal 
expansion for steel and glass is approximate around 2 [25]. The cell broke if stored at – 80 °C, 
but could resist a temperature span from – 20 °C to 60 °C. Next the cells were leak tested by 
attaching them to the vapor pressure equipment and evacuated for at last 2 days. The pressure in 
the cells was measured against vacuum (10-5 mbar). The cells had a drift of up to ~30 μbar per 
day, which is far off what’s acceptable. The conclusion was (unfortunately) that the new cell 
design was not suitable and was thus discarded. The second type of new manufactured cells was 
based on the same design as described in [24]. 
 
